We analyse the effects of rainfall and temperature on yields of paddy and millets (pearl millet and sorghum) in India for the period 1966-1999, at the district level. Unlike other studies, we control for fertiliser use and irrigation. We find that paddy (India's leading food crop) is sensitive to the climate variables but also to fertiliser use and irrigation. Millets are less affected by climate variables although sorghum shows some sensitivity to temperature. Our results have important implications for how India's agriculture will adapt to climate change.
Introduction
Meteorological data compiled over the past century suggest the earth is warming. In keeping with this, for India as a whole, mean annual temperature shows a significant warming trend of 0.51 C per 100 years during the period 1901-2007 (Kothawale et al., 2010) . Similarly, global projections of temperature and for precipitation augur a warmer and wetter world, on average. Simulations with regional climate models (RCM) project similar trends for both variables for India -by 2030s annual mean temperatures and summer monsoon rainfall are both expected to increase on average (GoI, 2010) . But for a country of sub-continental proportions there are, as expected, significant regional variations in past and future trends. Both these facts have significant implications for the Indian economy in terms of the impact of climate change and also its regional incidence. This is particularly true for the agricultural sector where climate is a direct input into production. While the salience of this sector in India has declined over the years, it still remains important in the socio-economic fabric of the country. Though agriculture alone (other than forestry and fisheries) accounts for only about 15% of GDP, it still employs 55% of the workforce. Moreover, according to the 2011 census, 69% of the population (which is growing) remains rural and intimately connected to this sector. There are also important forward and backward linkages to agriculture from the rest of the economy.
Our primary interest in this sector, however, is from the perspective of poverty which remains widespread despite significant progress in reducing it -the country is still estimated to have one-third of the world's poor. According to some estimates, 32.7% of the population is below the international poverty line of US$ 1.25 per day (PPP) while 68.7% live on less than US$ 2 per day (World Bank, 2010) .
1 A key aspect of poverty is its incidence which is rural and concentrated among agricultural labor. Thus, according to the Indian Planning Commission, in the year 2009-2010 more than one in three of the rural population was poor (33.8%) whereas the figure for urban areas was about one in five (20.9%). Equally important for our analysis, nearly 50% of agricultural laborers were below the poverty line in rural areas (GoI, 2012) .
Within agriculture, we focus on three key food crops, namely, rice and pearl millet (bajra) and sorghum ( jowar). Using district level panel data on annual yields (output per unit hectare), inputs, and climate variables for 1966-1999, we find significant impacts of rainfall and temperature on yields of these crops.
Our methodology is based on estimating an agricultural production function with exogenous climate variables, namely, precipitation, and temperature. Thus, we eschew crop simulation approaches that rely on experimental data. 2 We do not also estimate reduced form relationships between economic variables such as profits or the monetary value of yield and various forms of weather measures. 1 The definition and measurement of poverty in India is controversial and politically charged and somewhat of an obsession with Indian economists. We do not enter into this area other than providing illustrative numbers for purposes of our argument. 2 This approach is interestingly referred to as "production function" approach a la Deschênes and Greenstone (2007) and Guiteras (2009) . A comprehensive discussion of the pros and cons of this approach is found in Schlenker and Roberts (2009) . For examples of the hedonic approach (also known as the Ricardian approach) which focuses on variations in land prices or profits see the seminal paper by Mendelsohn et al. (1994) . This paper has spawned an extensive literature across several countries. Early applications of the Ricardian approach to India are Dinar et al. (1998) and Kumar and Parikh (2001) . A recent application to Africa (Ethiopia) is Deressa and Hassan (2009) 
Our focus on rice and millets is deliberate. The former is the most important cereal food crop in India accounting for 23.3% of gross cropped area and about 43% of total food grain production as well as 46% of cereal production (Singh, 2009) . In economic terms, rice (including paddy) was ranked highest by value among all agricultural products in India with a total output of about $38.4 billion in 2010 (FAO, 2011a) . India is considered to be one of the original centers of rice cultivation covering 44 million hectares. Its rice harvesting area is the largest in the world. Around 65% of the total population in India eats rice and it provides the main source of income and employment for more than 50 million households (IRRI).
From our perspective of rural poverty in particular, we note rice (actually paddy) 3 as cultivated in most parts of India, is a highly labor-intensive crop. Also, much of this labor especially during sowing and transplanting is provided by women. Thus, there is an important gender dimension as well (FAO, 2004 (FAO, , 2011b . 4 Millets on the other hand are traditional "coarse cereals" whose importance is more in terms of their role as a staple crop consumed by the poor. 5 In terms of food grain production, millets ranked fourth in India behind rice, wheat and maize (FAO, 2011a) 6 Within millets we concentrate on the two key varieties, namely, pearl millet (bajra) and sorghum ( jowar). Post Green Revolution, millets have lost ground to other food crops, especially wheat and rice -the production of millets has more or less remained constant between 1966-2006, whereas that of rice and wheat has increased by 125% and 285%, respectively (MNI, 2009) . Table A .1 provides normal (averaged over 2005-2006 to 2009-2010) area, production and yield of food crops in India. As the table shows, rice and wheat now account for more than three fourths of food grain output in India with "coarse cereals" contributing only about one sixth (16%). But, as late as 1970, the picture was quite different -the contribution to food grain output of rice, wheat and "coarse cereals" in 1970-1971 was respectively, 39%, 22%, and 28.2%. As we discuss later and anticipating our empirical results, this has important policy implications vis-à-vis climate change -we find millets in particular to be much less sensitive to temperature and rainfall than rice and by corollary more climate resilient.
Again, from a poverty perspective both rice and millets are largely grown by small and marginal farmers (i.e., those with holdings less than 2 hectares) and with much less irrigation as compared to wheat which is almost entirely irrigated and cultivated by relatively bigger farmers. Table A .2 shows 57% of area under rice is cultivated by marginal and small farmers compared to 44% for wheat. At the other end of the spectrum, large wheat farmers (holdings of 10 hectares or more) account for more than 10% of the area under their crop compared to similar large rice farmers who account for only about 5.5% of the area under rice. Finally, 90% of area under wheat is irrigated compared to 59% for rice and only 29% for other cereals (coarse cereals).
The plan of the paper is as follows. The following section provides the context in terms of projected trends and regional variation in climate variables (rainfall and temperature) for India. It also provides further details on how, when and where our three crops are grown in the country and the potential role of climate variables. Section 3 presents our conceptual framework and situates it in the literature on the impact of climate on agriculture, particularly with regard to India. Section 4 describes the data and econometric methodology. Section 5 presents and interprets the results of our analysis. Section 6 concludes the paper.
Climate Change and Agriculture in India

Trends and regional variation in climate variables
India's climate system has unique features. It is dominated by the summer or Southwest monsoon (and to a lesser extent the winter or Northeast monsoon) and by the country's physiological features such as the Western and Eastern Ghats, the central plateau and the Himalayas. The summer monsoon and the rains that it brings are a major weather phenomenon in the Indian subcontinent and deeply influences the lives of its inhabitants. It is a four-month period (June-September) when massive convective thunderstorms dominate India's weather, and is the Earth's most productive wet season (Collier and Webb, 2002) . This season provides over 80% of India's rainfall (Bagla, 2006 (Bagla, , 2012 . Thus the quantity, temporal and spatial distribution of the precipitation (rainfall) accompanying the monsoon is its most monitored component and is particularly important for agriculture. The summer monsoon is also the most economically important weather pattern to the extent that then Indian Finance Minister (Pranab Mukherjee) called it "the real finance minister" (Hindustan Times, 2010). More recently, the Governor of India's central bank (Reserve Bank of India or RBI) was also quoted as saying "(A)nd most importantly we also chase monsoon like millions of farmers across the country. So, the monsoon outlook, the monsoon performance is going to be the important factor in determining the RBI policy in the next three months" (Economic Times, 2013 ). Yet the Indian monsoon is "only partially understood and notoriously difficult to predict" (Wikipedia, 2012) .
Though the dependence of agriculture on the summer monsoon has reduced somewhat lately due to increased irrigation and better drought management, Fig. A.1 shows clearly how the two have marched in lockstep. This is not surprising since, out of the total net sown area of 141.0 million hectares (Mha) in India, rain-fed area accounts for 85.0 Mha spreadover 177 districts. This constitutes approximately 60% of the total farming area in the country. Rain-fed agriculture contributes 44% of the total food grain production of the country and produces 75% of pulses and more than 90% of sorghum, millet and groundnut from arid and semi-arid regions. Even after half a century of lopsided policies that have focused on pockets of the country and specific crops, rain-fed regions provide livelihood to nearly 50% of the total rural workforce and sustain 60% of cattle population of the country (MNI et al., 2009) .
Keeping in view the peculiarities of India's climate and of the summer monsoon in particular, in a recent exercise a RCM with 50 km resolution, namely, PRECIS was deployed to dynamically downscale global model simulations and superimpose regional details from India (GoI, 2010) . This exercise coupled with long instrumental records allows us to capture past trends and also make projections for key climate variables such as temperature and rainfall within the country at a disaggregated level.
As mentioned earlier, for India as a whole, mean annual temperature shows a significant warming trend of 0.51 C per 100 years during the period 1901-2007 (Kothawale et al., 2010) . More important, accelerated warming has been observed in the last approximately 40 years , mainly due to intense warming in the recent decade 1998-2007. 7 Increases in the mean have been accompanied by a rise in both maximum and minimum temperatures at the all India level -by 0.71 and 0.27 C, respectively, per 100 years during the period 1901-2007. Also, as with mean temperature, there has been acceleration in trends of both maximum and minimum temperatures during . At the regional level, the homogenous regions 8 of East coast, West coast and the peninsula show an increasing trend in the frequency 9 of hot days but Northern India (North of 22 N) does not. With respect to the frequency of cold days, however, all seven homogenous regions show a decreasing trend (in the frequency of cold days).
With regard to precipitation, Indian monsoon rainfall from 1871-2009 shows only a slight negative trend. But there is significant spatial variation in these trends over this period. Also, there is an increase in extreme rainfall events and their intensities (GoI, 2010; Sen Roy and Balling, 2004) .
Projections for climate in the medium-run for India seem to indicate it will be warmer and wetter but with significant regional variation. Overall there will be (i) an increase in average surface temperature by 2-4 C, (ii) changes in the distribution of rainfall (inter-temporal and spatial) during both monsoon and non-monsoon months, (iii) decrease in the number of rainy days by more than 15 days, (iv) an increase in the 7 All four major Indian seasons, namely, summer/pre-monsoon, monsoon, post-monsoon and winter contribute to this trend. But the increase in winter and post-monsoon temperatures is most marked -by 0.80 C and 0.82 C, respectively over the last hundred years (GoI, 2010) . This has significant implications for rice yields as noted below. 8 A uniform or homogenous region is an area in which everyone shares in one or more distinctive characteristics, in this case climate. 9 Defined as days per decade.
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intensity of rainfall by 1-4mm/day, and (v) an increase in the frequency and intensity of cyclonic storms (Ranuzzi and Srivastava, 2012) .
Rice and millets in India: key issues
Rice is the most important food crop in India.
10 It accounts for 23.3% of gross cropped area and 43% of total food grain production as well as 46% of cereal production (Singh, 2009) . In economic terms, rice (including paddy) was ranked highest by value among all agricultural products in India with a total output of about $38.4 billion in 2010 (FAO, 2011a) . The production of rice alone has more than quadrupled from around 21 million tons in 1950 to 95 million tons in 2010.
There are three seasons for growing rice in India -autumn (pre-kharif), winter (kharif) and summer (rabi) -named according to the season of harvest (though all crops are not grown in all regions). Winter or kharif rice (sown during June-July and harvested in November-December) is the main growing season and accounts for 84% of the country's rice crop.
11 This is followed by summer rice (sown during NovemberFebruary and harvested in March-June) at 9% and autumn rice (sown during MayAugust and harvested in September-October) which accounts for 7% of the rice crop.
Among millets, pearl millet (bajra) is the most widely grown type of millet followed by sorghum ( jowar).
12 Because of their tolerance to difficult growing conditions such as drought, low soil fertility and high temperature, they can be grown in areas where other cereal crops, such as maize or wheat would not survive (Basavaraj et al., 2010) . Pearl millet in India is grown as a single season crop. Cultivation predominantly takes place on marginal lands and un-irrigated lands. It is also grown in a small area as summer crop under irrigation particularly in the Northwestern states of India mainly as a fodder crop. Area trends of pearl millet in India are constantly declining. Between 1972 Between -1973 Between and 2004 Between -2005 , nearly 3 million hectares has been diverted from pearl millet cultivation to other crops. Pearl millet production is concentrated in Gujarat, Maharashtra, and Rajasthan which account for 70% of production in India. These states also have the highest concentration of pearl millet consumers since bulk of the consumption for food use takes place in the areas where it is grown.
Framework and Relevant Literature
Our methodology is based on estimating an agricultural production function with exogenous climate variables, namely, precipitation and temperature. Our analysis is at the district level using a panel dataset for physical yield (output divided by gross cropped area) for rice and pearl millet.
Several studies have looked at the impact of climate-related variables on crop yields specifically for India. Lahiri and Roy (1985) (LR) look at the supply response of rice yields at the all-India level and also include monthly rainfall (either in the sowing season or in the growing season). The paper is in the agricultural economics tradition of acreage and yield response to price (and also to "supply shifters" such as rainfall) and models this response in a Nerlovian partial adjustment framework (for which they actually do not find evidence). Lahiri and Roy postulate a gamma distribution for the effect of rainfall on yield (right skewed and bounded at zero), i.e., less rainfall (droughts) is worse than too much (floods). For yield, they find the optimal monthly average rainfall is about 293mm for the months of July and August. They also argue that with the spread of HYVs post-mid 1960s (1965 onwards) Indian agriculture has become more rainfall-dependent, especially since water requirement has gone up and the spread of irrigation has not kept pace with it. Kanwar (2006) extends this line of research to several food grains. He looks at supply response using a state-level panel dataset and again finds rainfall matters considerably for supply response (it's a "supply shifter"). 13 Also using state-level panel data, Auffhammer et al. (2012) extend Auffhammer et al. (2006) and explicitly look at the impact of too little/too much rainfall (akin to gamma rainfall) on rice yields. Whereas their earlier work looked at crop output (with area as an explanatory variable) the latter paper looks at yield per hectare. They too find significant climate impacts.
A problem with state-or national-level analysis is the need to aggregate rainfall and other weather data (there are several observation stations in a state) to one value at the state-or national-level. This is problematic since several Indian states are large, often bigger than countries in Europe and elsewhere.
14 Given the variation in rainfall and other weather variables for a state, the resulting measurement error may bias the coefficients on weather variables downward (Auffhammer et al., 2012) . Moreover, our paper is more comprehensive in its scope, since it looks at the impact of both temperature and rainfall on yields, at the district-level.
As in this paper, district-level panel data for India has been used in this context by several other studies starting with Dinar et al. (1998) , Kumar and Parikh (2001) , Sanghi and Mendelsohn (2008) , Kumar (2009 ), Guiteras (2009 , and recently by Fishman (2011) and Krishnamurthy (2012) . The first four are variants of the Ricardian approach in that they estimate the impact of climatic variables on net agricultural revenues per unit area at the district level. For instance, Kumar and Parikh (2001) and Kumar (2009) estimate the impact of climate change on net agricultural revenue per hectare (revenue minus cost of labor and fertilizer, normalized by area). 15 For various reasons, they use 13 "In other words, rainfall is the single most important factor determining supply response even today. Despite decades of massive irrigation schemes, the food crops continue to be rainfall-dependent." (Basavaraj et al., 2010, p. 80) 14 For instance, the five biggest states of India, namely, Rajasthan, Madhya Pradesh (MP), Maharashtra, Andhra Pradesh (AP) and Uttar Pradesh (UP) range from 342,000 sq km to 241,000 sq km. The biggest state, Rajasthan, is almost as big as Germany, whereas the next two (MP and Maharashtra) are almost the size of Poland and bigger than Italy and the Philippines each. Andhra Pradesh and Uttar Pradesh, respectively are bigger than or the same size as United Kingdom. 15 Kumar (2009) , inter alia, extends the temporal coverage of the dataset used in the earlier study using the same methodology.
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net revenue instead of land prices as is the norm for the Ricardian approach. This is not sufficient to distinguish between the responses of different crops to climate change, which our paper manages to capture. While both papers use district-level data to measure the impact of temperature and rainfall changes, the dependent variable and the controls are different. Our paper controls for fertilizer and irrigation which are critical inputs in the agricultural process. Kumar and Parikh find that a 2 C temperature rise and 7% increase in rainfall would lead to almost 8% loss in farm level net revenue (much lower than what agronomic studies predict since they do not account for adaptation). Using a similar approach to Kumar and Parikh (2001) , Sanghi and Mendelsohn (2008) find that agricultural net revenue in India may fall by 12% in (and more broadly within an interval of 4% to 26%). Our paper finds a positive effect of higher rainfall, on all three crops, while the effect of temperature differs from crop to crop. The results may differ due to the difference in approaches adopted. Among more recent studies, a well cited one by Guiteras (2009) examines the impact of temperature and rainfall on combined yield (in money terms) for five major food and one cash crop, namely, rice, wheat, jowar, bajra, maize, and sugarcane. The precipitation variables have been defined both as total monthly rainfall (for the growing season months of June-September), as well as total growing season rainfall. For defining the temperature variable, he adopts two approaches: the first is "degree-days", where it is acknowledged that crops do not absorb heat below a temperature of 8 C, and then absorb heat linearly till a threshold of 32 C. This captures the cumulative heat exposure of the crop. The second method he adopts is useful in capturing nonlinear temperature effects. He counts the number of growing season days in each 1 C interval, and includes these totals as separate regressors.
Guiteras finds climate change could reduce yields by 4.5% to 9% in the medium-run (2010-2039) and by as much as 25% in the long-run in the absence of longrun adaptation. The main drawback of Guiteras as highlighted by Sarker et al. (2012) and by Krishnamurthy (2012) is combining different crops which are impacted differently by climate change. The dependent variable is akin to district income (from six crops) 16 normalizedby area to arrive at gross revenue per hectare, and is difficult to interpret.
Fishman (2011) also uses a district-level panel and shows the impact of intraseasonal variability of rainfall on yields. By using daily-level data on weather, irrigation and crop yields for some of the main crops (rice, wheat, maize, barley, groundnuts, sorghum, pearl millet, pigeon pea, chickpea, cotton and sugarcane) from districts over four decades, the paper aims to capture the adaptation, by means of expansion of irrigation, to climate change. Precipitation is incorporated into the model in different ways -total monsoon rainfall (in the months of June-September), monthly rainfall for each of the four months, frequency of rainy days (precipitation over 0.1 mm), duration of the longest dry spell, and the shape parameter of the gamma distribution fitted to the 16 As stated by Guiteras (2009) "these comprise roughly 75% of total revenues." ( p. 9 footnote 6). distribution of daily rainfall. Temperature has been introduced in the form of "growing season degree-days", which is a measure of heat exposure used to predict crop yield.
Fishman finds that irrigated yields tend to be higher than purely rain-fed yields, and that irrigation acts as an effective buffer against the irregularities of rainfall, especially for the rainy-season crops. Irrigation, however, is not useful in protecting yields against higher temperatures which limits its efficacy as an adaptation mechanism. 17 Fishman only uses irrigation as a control, whereas we also control for fertilizer consumption.
Krishnamurthy (2012) also uses a panel data quantile regression methodology to estimate the impact of climate change on yields of rice and wheat. He suggests that both the Ricardian and panel data approaches used to study the impact of climate change on agriculture are inadequate, because they assume that the covariates (weather variables, agricultural controls, etc.) only affect the mean yield, and not the conditional distribution of the yield, i.e., only the mean agricultural outcomes changes, with no changes in the underlying relationship between the outcomes and the climatic variables. In the paper, he regresses yield on temperature (measured in growing season degree-days a la Guiteras) and seasonal and monthly rainfall, for every quantile of the population (like Fishman, only a control for irrigation is used). This methodology is useful to estimate other features of the conditional distribution, other than the mean. The results reveal a significant decline in the yield of wheat across quantiles, while for rice, a moderate decline is seen in the most productive areas, and in the other areas the effects of warming lead to a slight increase in yield.
Data and Methodology
Data sources
Agricultural data
The data on the agricultural variables span the time period 1966-1999, and have been collected from the ICRISAT VDSA (Village Dynamics in South Asia) Apportioned Meso database. This is a district-level database that includes information on cultivated area, production and area irrigated for different crops, land use, farm harvest prices, rainfall, livestock and agricultural implements, operational holdings, and population census data for 19 states of the country. The boundaries of the districts included in this database are defined as of 1966, i.e., any data on districts that were created after 1966 are given "back" to the parent districts from which the newer districts were created. The final database thus includes data on the parent districts only, which is inclusive of the data "apportioned" amongst the districts created later.
The variables of interest in this database include the area under, and production of, rice, pearl millet and sorghum (measured in hectares and tons respectively), district-wise consumption of fertilizers (tons of nitrogen, phosphate and potash fertilizers used), total gross cropped area in each district (measured in hectares, and accounting for multiple cropping), and gross irrigated area under each of the three crops (measured in hectares, again accounting for multiple cropping). While the data on the area and production have been compiled into the ICRISAT database from the Statistical Abstracts of India, State Statistical Abstracts and the State Season and Crop reports, the data on fertilizer consumption has been obtained from the Fertilizer Statistics for India. Barring data gaps for a few variables in some districts, the area, input and output-related data is available at an annual frequency for all three crops.
The dependent variable considered is the logarithm of yield (tons of output per hectare), for each of the three crops. The two independent variables created from the list of ICRISAT variables are fertilizer consumption and irrigation. The fertilizer variable was created by dividing district-level fertilizer consumption by the gross cropped area of land devoted to all the crops grown in that district. In the absence of data on crop-specific fertilizer consumption this variable is identical for all three crops. The irrigation variable has been defined as the area irrigated for a particular crop in a district, divided by the gross cropped area (for that particular crop). This variable is useful in capturing the intensity of irrigation in determining the yield of a crop.
Climate data
The climatic data has been taken from the India Water Portal (www.indiawaterportal.org) which contains 102 years of district-level data on rainfall, temperature, cloud cover, humidity, ground frost frequency and other variables. The database that is used to compile this meteorological dataset is the publicly available Climate Research Unit (CRU) TS2.1 dataset, out of the Tyndall Centre for Climate Change Research, School of Environmental Sciences, University of East Anglia in Norwich, UK. This dataset consists of interpolated (on 0.5 latitude-longitude grid) global monthly data on variables such as rainfall and temperature from 1901 to 2002. The CRU data was transformed to the district level by simple linear averaging from the gridded data of the CRU dataset.
Two independent variables have been created using this database, i.e., rainfall and temperature. For all three crops, the rainfall variable has been defined as the natural log of annual rainfall (to account for the fact that the distribution of the annual rainfall variable is positively skewed for all crops). 18 The temperature variable has been defined as the 12-month average of the monthly average temperatures. A quadratic term for temperature has also been included to examine the incremental impact of temperature on the yield of all three crops. Table A .3 provides summary statistics of the main variables used in the analysis. 18 Since growing season rainfall accounts for roughly 70% of total annual rainfall in the districts we have considered for rice (the proportion is 73% for pearl millet and 75% for sorghum), we find that the results are not significantly different if growing season rainfall (total rainfall in the months of June, July, August, and September) was used instead of total annual rainfall.
Methodology
The numbers of districts selected for each of the crops are 153 for rice, 80 for pearl millet and 88 for sorghum. These districts cut across the agriculturally-important states of the country (rather than being selected from certain states). For the criteria used in selection of districts, refer to the data appendix. Table A .4 lists the districts considered in each state, for every crop. As previously mentioned, the districts included in the ICRISAT database are those that existed as of 1966. However, the climatic dataset has been created taking into account the district boundaries as of 2002, which are remarkably different from those of 1966. The districts that comprise the panel-sample have been selected on the basis of the districts that existed in the ICRISAT database, and the climatic variables for these districts have been approximated from the district to which the largest area of the parent district was allocated 19 (provided that it is more than 50% of the total area of the parent district) (Kumar and Somanathan, 2009 ).
In the presence of AR cross-sectional dependence (the outcomes are correlated across districts in a given year), along with heteroscedasticity, FGLS (feasible generalized least squares) with fixed effects was found to be an appropriate method of estimation. However, one of the drawbacks of FGLS estimation is that it produces overly optimistic standard error estimates. Moreover, the estimates are only feasible if N < T, i.e., the number of observations are less than the number of time period, which is not the case for any of the three crops. To correct this, panel-corrected standard error (PCSE) estimates are obtained, where the parameters are estimated using a Prais-Winsten (or OLS) regression. Equations have been estimated with district and year fixed effects, district fixed effects and district-by-year fixed effects.
For each of the crops, it was observed that the errors exhibited the presence of heteroscedasticity, and contemporaneous correlation. A Prais-Winsten regression was thus estimated, under two different assumptions on correlation:
(1) Within panels, there is AR (1) autocorrelation and the coefficient of the AR (1) process is common to all of the panels, and (2) Within panels, there is AR (1) autocorrelation and that the coefficient of the AR (1) process is specific to each panel (i.e., panel-specific AR (1) autocorrelation) (Cameron and Trivedi, 2009) The regression equation which is estimated for all three crops is as follows:
where i refers to the district-level fixed effects, which are quite useful in capturing unobserved heterogeneity across districts and t refers to the year-specific dummies which control for annual differences in yield, common to all the districts (Deschênes and Greenstone, 2007) . 20 The X it refers to the district and year-specific agricultural variables, whereas the W it refers to the climatic variables (namely rainfall and temperature). State and year fixed effects were not estimated, given that the sample size would be too small to run a robust panel-data estimation.
Results
Rice
Tables 1 and A.5 give the results of the regression estimation for rice, taking the temperature variable as the 12-month average of the monthly average temperatures, and defining the rainfall variable as the total annual rainfall. Table 1 gives the regression results with district and year fixed effects, while Table A.5 gives the results using panel-specific errors. The results are robust, even if panel-specific AR (1) serial autocorrelation is assumed. The coefficients on the district and year fixed effects have been suppressed. Table 1 reveals that with district year fixed effects, both the rainfall and maximum temperature variables are found to be significant, even at the 1% level of significance. Higher rainfall leads to higher yield of rice, whereas higher temperatures lower the yield. Interestingly, the coefficient on the quadratic term for temperature is positive: higher temperatures would mean lower yield rates, but higher temperatures have a smaller harmful effect. Both the irrigation and fertilizer consumption variables are highly significant, which is expected given that rice production is highly input-driven in large parts of the country, and the signs are intuitive (higher the proportion of land under rice irrigated, higher is the yield, and higher the fertilizer consumption used for rice, higher is the yield of rice). These results also hold once panel-specific errors are taken into account (Table A.5). (2007), and Guiteras (2009) all use the fixed-effects formulation.
Pearl millet (bajra)
Tables 2 and A.6 produce similar results for pearl millet as for rice. The errors are assumed to be (serially) independent in this case as well. Table 2 gives the results for district and year fixed effects, while Table A.6 gives results using panel-specific errors. The coefficients on fixed effects have been suppressed. Table 2 reveals a similar impact of higher rainfall on pearl millet production, as in the case of rice (greater the rainfall, higher the yield). The variable is also found to be highly significant. While the average temperature variable is (highly) insignificant, the sign is positive, suggesting the possible hardiness of bajra to increasing temperatures. The sign of the temperature quadratic is negative: higher temperatures are beneficial but have a decreasing beneficial effect with further higher temperatures. It is also highly insignificant. The impact of the fertilizer variable appears to be significantly diluted in the case of pearl millet: it is highly insignificant. Irrigation has a positive (and significant) impact on the yield of bajra, just as in the case of rice. Table A.6  gives similar results to Table 2 , in terms of the signs and significance of the climactic variables.
Sorghum ( jowar)
Tables 3 and A.7 present the results for sorghum, assuming the same dependent variable and climatic variables as for the other two crops. Since there is a lack of serial correlation in the data, the errors are assumed to be independent. Table 3 gives the results for district and year fixed effects, whereas Table A.7 gives results using panelspecific errors. The coefficients on the fixed effects have been suppressed. According to Table 3 , higher rainfall means higher the yield, higher the average temperature, lower the yield. Higher the temperature, lower the rate of decrease of yield with temperature (as was the case with rice). Moreover, the fertilizer variable seems to have a counter-intuitive sign, i.e., higher the fertilizer consumption, lesser is the yield of sorghum; however it is also insignificant at the 5% level of significance. Table A .7 also gives similar results, with respect to the signs of the variables, other Impact of Climate Change on the Indian Economy: Evidence from Food Grain Yields than the fact that both agricultural controls become insignificant (much like pearl millet).
Interpretation of regression results
In the case of rice, the results reveal the strong positive effect of rainfall on its yield, across different specifications of the regression equation. The direction of impact of maximum temperature on the yield of rice is as expected -as temperatures increase, the yield of rice declines but at a decreasing rate. Inputs such as irrigation and fertilizer have positive and strong impact on the yields. These results point to the strong dependence of rice yields on both climatic factors, and agricultural inputs and is consistent with other studies for India (both at the state and at the district level) that rice yields are most likely to be affected by climate change. The results for millets (pearl millet and sorghum) are more nuanced -as with rice higher rainfall leads to higher yields of both crops. But the effect of higher (average) temperature differs -for pearl millet it is insignificant, whereas for sorghum it is similar to rice (i.e., higher temperatures affect yield negatively though at a decreasing rate). These results corroborate with agronomic studies which suggest the pearl millet grain is resistant to drought and it is also considered more efficient in the utilization of soil moisture. It has a higher level of heat tolerance than sorghum, and is a cereal which is most resistant to high temperatures -in fact it needs slightly hotter conditions for harvest. The literature also seems to suggest sorghum is better adapted to dry and cool conditions, whereas pearl millet is better adapted to dry and hot conditions (Leder, 2009 ).
21
The agricultural controls however exhibit interesting effects: Irrigation has a positive (and significant) effect on both crops. This is important from a policy perspective.
21 Also see ICRISAT VASAT (Virtual Academy for the Semi-Arid Tropics) (http://vasat.icrisat.org/crops/pearl millet/ pm production/html/m4 4.2/index.html) and School of Forest Resources and Environmental Science, Michigan Technological University (http://forest.mtu.edu/pcforestry/resources/studentprojects/jon/Millet.html). Fertilizer consumption, however, is insignificant for pearl millet and sorghum. This might be attributed to the fact that given the data limitations, the fertilizer variable is not crop-specific. However, it can be postulated that pearl millet yields are only affected by rainfall (and irrigation), whereas sorghum seems to be more sensitive to higher temperatures as well (compared to pearl millet).
Concluding Remarks
As mentioned in the introduction, in this paper we wanted to look at the possible effects of climate change on certain crops in India. We have looked at rice and millets -the former is the leading food grain in terms of output and area sown, while the latter (group) is a hardy crop that can withstand the vicissitudes of weather. For rice, the evidence is overwhelming that both rainfall and temperature (the two climate variables) matter. Thus, a warmer India with more erratic rainfall as projected by climate models does not portend well for rice yields. But for rice other inputs also matter, viz. fertilizer and irrigation. For millets, on the other hand, rainfall is the main determinant and either temperature does not seem to affect them (as with pearl millet) or does so marginally (sorghum). Other inputs, especially fertilizer, do not seem to matter reinforcing the notion millets grow pretty much on their own.
There are now a number of recent studies that address the issues dealt with in this paper for India and other countries, for example (but not limited to) Deschênes and Greenstone (2007) , Guiteras (2009 ), Fishman (2011 ), Auffhammer et al. (2012 , and Krishnamurthy (2012) . Our study has an annual district-wise focus. We are able to analyze fixed effects emanating from district and state specific characteristics. Also unlike some studies (e.g., Auffhammer et al., 2006; Schlenker and Roberts, 2009; Poudel and Kotani, 2012; Sarker et al., 2012) , where only temperature and/or rainfall appear on the right-hand side, we have other inputs (controls) on the right hand side. These can give us some idea of the trade-offs involved in the process of climate change -if the temperatures rise, causing yields of paddy to fall, can it be compensated for by the use of more fertilizer?
22 Our focus is also deliberately crop-based. There are studies where temperature is seen to cause changes in income (in a multi-crop setting). The interpretation of these can be problematic (joint outputs, no input variation, the use of prices). We set ourselves the limited task of tracking (carefully) the changing yields over a large panel. In that the crops of interest matter to the lives of some of the world's poorest people, who would be affected by climate change, this analysis seems worthwhile.
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Data Appendix
Agricultural data. The data on agricultural variables span the time period 1966-1999, and have been collected from the ICRISAT VDSA (Village Dynamics in South Asia) Apportioned Meso database. This is a district-level database that includes information on cultivated area, production and area irrigated for different crops, land use, farm harvest prices, rainfall, livestock and agricultural implements, operational holdings, and population census data for 19 states of the country. The boundaries of the districts included in this database are defined as of 1966, i.e. any data on districts that were created after 1966 are given 'back' to the parent districts from which the newer districts were created. The final database thus includes data on the parent districts only, which is inclusive of the data 'apportioned' amongst the districts created later.
The variables of interest in this database include the area under, and production of, rice, pearl millet and sorghum (measured in hectares and tons respectively), district-wise consumption of fertilizers (tons of nitrogen, phosphate and potash fertilizers used), total gross cropped area in each district (measured in hectares, and accounting for multiple cropping), and gross irrigated area under each of the three crops (measured in hectares, again accounting for multiple cropping). While the data on the area and production have been compiled into the ICRISAT database from the Statistical Abstracts of India, State Statistical Abstracts and the State Season and Crop reports, the data on fertilizer consumption has been obtained from the Fertilizer Statistics for India. Barring data gaps for a few variables in some districts, the area, input and output-related data is available at an annual frequency for all crops.
The dependent variable considered is the logarithm of yield (tons of output per hectare), for each of the three crops. The two main independent variables created from the list of ICRISAT variables are fertilizer consumption, and irrigation. The fertilizer consumption variable is defined as the district-wise consumption of fertilizer per unit of gross cropped area, hence it is identically defined for all three crops.
We define the irrigation variable as the area irrigated for a particular crop in a district, divided by the gross cropped area (for that particular crop). This variable is useful in capturing the intensity of irrigation in determining the yield of a crop.
S. Gupta, P. Sen & S. Srinivasan Climate data. The climatic data has been taken from the India Water Portal (www. indiawaterportal.org) which contains 102 years of district level data on rainfall, temperature, cloud cover, humidity, ground frost frequency and other variables. The database that is used to compile this meteorological dataset is the publicly available Climate Research Unit (CRU) TS2.1 dataset, out of the Tyndall Centre for Climate change Research, School of Environmental Sciences, University of East Anglia in Norwich, UK. This dataset consists of interpolated (on 0.5 degree latitude-longitude grid) global monthly data on variables such as rainfall and temperature from 1901 to 2002. The CRU data was transformed to the district level by simple linear averaging from the gridded data of the CRU dataset.
Two explanatory variables have been created using this database, namely, temperature and rainfall. We define these identically across all three crops. Temperature is the annual average temperature for a district. We also include a quadratic term for this variable. Our results do not change significantly when we use annual average maximum temperature. Rainfall is the natural log of annual rainfall in a district. In our data set, rainfall during the main growing season (June, July, August and September) accounts for roughly 70% of the annual rainfall in the case of rice and 73% and 75% for pearl millet and sorghum, respectively. Since the results are not significantly different using either growing season or annual rainfall, we use the latter. Further, since the distribution of our rainfall variable is positively skewed for all three crops, we take its natural log.
Choice of districts. The number of districts selected for each of the three crops are 153 (rice), 80 (pearl millet), and 88 (sorghum). These districts cut across all agriculturally important states of the country.
Our choice of districts is not exhaustive but accounts for the bulk of the output of the three crops. For rice, we use a threshold output of 50,000 tons on average. For pearl millet and for sorghum this figure is 25,000 tons. Thus, the districts included in our analysis account for about 95% of the total production of rice and for 98% and 97% of the production of pearl millet and sorghum, respectively. We find adding more districts does not change our results significantly.
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